Severe hypoglycemia and increased deaths were observed among two strains of endotoxin-poisoned mice within 3 to 6 hr after tryptophan injection. Sensitivity to tryptophan could be demonstrated in Rockland Farms mice by 4 hr after endotoxin and in Carworth Farms (CF-1) mice by 10 hr after endotoxin. If allopurinol was given to CF-i mice concurrently with endotoxin, severe hypoglycemia and increased deaths were observed when tryptophan was given only 4 hr after the bacterial poison. Cyproheptadine, an antiserotonin drug, decreased the number of deaths as well as the depletion of blood glucose in both strains of endotoxin-poisoned mice given a delayed injection of tryptophan. In most instances, liver glycogen was depleted by 8 to 10 hr after endotoxin. Correlation of liver glycogen levels with sensitivity to tryptophan was not as consistent as the correlation between blood glucose levels and hyperreactivity to the amino acid. The data show that severe hypoglycemia is a significant factor which must be considered in resolving the basis for increased deaths among endotoxin-poisoned mice given tryptophan. heptadine, an antiserotonin drug. This latter observation supports the hypothesis that tryptophan is funneled into excessive serotonin synthesis as a direct consequence of tryptophan oxygenase inhibition (15), and that it is the overproduction of serotonin which mediates the abnormal reactivity of endotoxin-poisoned animals to tryptophan. Serotonin, as well as other metabolites of tryptophan, produce hypoglycemia 3 to 5 hr after injection into rats (11, 12) . The convulsive death following a delayed injection of tryptophan could result from severe hypoglycemia mediated through excess serotonin production. If this reasoning is correct, endotoxin-poisoned mice given tryptophan at a time when tryptophan oxygenase is depressed should develop severe hypoglycemia soon after tryptophan administration, and this response should be antagonized by cyproheptadine.
It is well established that endotoxin poisoning -alters carbohydrate metabolism in experimental animals. Berry et al. (2, 4) showed that severẽ hypoglycemia as well as depletion of total body carbohydrate occurs in endotoxin-poisoned mice, apparently reflecting inhibition of gluconeogenesis. Shands (18, 19) , while investigating the basis of hyperreactivity of Mycobacterium bovis BCGinfected mice to endotoxin, showed that impaired gluconeogenesis is an important mechanism in the subsequent hypoglycemia and convulsive death observed in these animals. The rate of glucogenesis is also impaired in liver slices of Pseudomonas aeruginosa-infected rats and rats poisoned with Escherichia coli endotoxin (10) .
Endotoxin has an insulin-like effect on leukocytes and other tissues in culture (24) . Studies on the enzymatic basis of the lesions in carbohydrate metabolism during endotoxemia have recently appeared (3, 20) .
The primary objective of this study was to determine to what extent carbohydrate metabolism is involved in explaining the hyperreactivity of endotoxin-poisoned mice to tryptophan. When endotoxin-poisoned animals are given 15 to 20 mg of L-tryptophan at a time when liver tryptophan oxygenase is depressed, death, frequently convulsive in nature, is observed within 6 to 8 hr in a significant number of experimental animals (13, 15) . Hyperreactivity to tryptophan can be prevented by pretreatment with cyproheptadine, an antiserotonin drug. This latter observation supports the hypothesis that tryptophan is funneled into excessive serotonin synthesis as a direct consequence of tryptophan oxygenase inhibition (15) , and that it is the overproduction of serotonin which mediates the abnormal reactivity of endotoxin-poisoned animals to tryptophan. Serotonin, as well as other metabolites of tryptophan, produce hypoglycemia 3 to 5 hr after injection into rats (11, 12) . The convulsive death following a delayed injection of tryptophan could result from severe hypoglycemia mediated through excess serotonin production. If this reasoning is correct, endotoxin-poisoned mice given tryptophan at a time when tryptophan oxygenase is depressed should develop severe hypoglycemia soon after tryptophan administration, and this response should be antagonized by cyproheptadine.
Additional rationale for designing the experiments in the manner described is based on the fact that CF-1 mice do not show hyperreactivity to tryptophan until 10 hr after endotoxin, whereas Rockland Farms mice show hyperreactivity within 4 hr after receiving the bacterial poison (13, 15) . The differences in timing correlate with depressed tryptophan oxygenase activity; i.e., the enzyme is not depressed in CF-1 mice until 10 hr after endotoxin whereas the enzyme is clearly depressed by 4 hr in Rockland mice (13, 15 CF-I mice were similar to Rockland mice in both the timing and magnitude of the hypoglycemia that followed endotoxin (Table 2) . When tryptophan was injected 4 hr after endotoxin, neither an increased number of deaths nor a magnified hypoglycemia was observed in CF-1 mice. If the injection of tryptophan was delayed until 10 hr after endotoxin, both increased numbers of deaths and severe hypoglycemia were observed by 16 hr.
Blood glucose levels and survival of allopurinoltreated CF-1 mice given either endotoxin or endotoxin and tryptophan. Injection of 5 mg of allopurinol did not alter either survival or development of hypoglycemia in endotoxin-poisoned CF-1 mice (Table 3) . Likewise, no significant differences in survival or blood sugar levels were noted among mice given endotoxin, allopurinol, and tryptophan concurrently when compared with mice given endotoxin alone (cf. Table 2 ). When tryptophan was delayed until 4 hr after endotoxin, allopurinol-treated CF-1 mice showed b Results show the average value the standard deviation, with the number of animals given in parentheses.
I Statistical significance of the results designated by superscript numbers: 1 versus 2, P < 0.05; 3 versus 4, P < 0.01. sensitivity to tryptophan as measured both by decreased survival and by a significant magnification of hypoglycemia. Table 3 shows that by 6 hr after injection of tryptophan (10 hr after endotoxin and allopurinol) only 45% of the mice survived compared to 100% survival in the appropriate control group. Blood glucose levels were significantly lower in surviving mice that had received tryptophan than in those which were not given the amino acid.
Effect of cyproheptadine on blood sugar levels of endotoxin-poisoned Rockland Fanns and CF-1 (Table 4) . The antiserotonin drug did significantly decrease the hypoglycemia as well as the number of deaths in endotoxin-poisoned mice given a delayed injection of tryptophan (Table 4) . Likewise, in CF-I mice, injection of cyproheptadine concurrent with endotoxin did not alter the hypoglycemic response or the survival of mice given endotoxin alone, but significantly decreased the hypoglycemia as well as the number of deaths in mice given tryptophan 10 hr after endotoxin (Table 5) . Table 6 shows the ability of cyproheptadine to antagonize the effects of tryptophan in allopurinol-treated endotoxin-poisoned mice. By 4 hr after tryptophan (8 hr after endotoxin and allopurinol), only 50% of the mice survived compared to 90% in the group given cyproheptadine. Blood sugar levels were also significantly higher among the group given cyproheptadine. By 6 hr after tryptophan (10 hr after endotoxin and allopurinol), blood glucose levels remained significantly higher among the survivors in the cyproheptadine-treated group, whereas the number of survivors, although greater, was not significantly different from the group not given the antiserotonin drug.
Liver glycogen levels in endotoxin-poisoned CF-1 mice given tryptophan, aliopurinol, or ailopurinol and tryptophan. No statistically significant differences in liver glycogen levels were observed after 4 hr between mice given endotoxin alone or endotoxin and allopurinol (Table 7) . Less than 25% of the original glycogen stores b Results show the average value i the standard deviation, with the number of animals given in parentheses.
-Statistical significance of the results designated by superscript numbers: 1 versus 3, P < 0.01; 2 versus 4, P < 0.01; 5 versus 7, P < 0.01; 6 versus 8, not statistically significant. remained after 8 hr in endotoxin-poisoned mice, and these quantities were significantly less in mice given endotoxin and allopurinol. Administration of tryptophan 4 hr after endotoxin did not significantly alter liver glycogen by 8 hr when compared with mice given endotoxin alone. Likewise, tryptophan 4 hr after endotoxin and allopurinol did not significantly alter liver glycogen when compared with mice given endotoxin and allopurinol.
Liver glycogen levels in endotoxin-poisoned CF-1 mice given either tryptophan or cyproheptadine and tryptophan. By 10 hr after endotoxin, only 10 to 15% of the liver glycogen stores remained in CF-1 mice (Table 8 ). In subsequent hours, these quantities were even further depleted. Thus, mice given endotoxin alone had very little glycogen reserve to call upon in response to the stress of a tryptophan injection 10 hr after endotoxin. By 16 hr after endotoxin or endotoxin and tryptophan, negligible amounts of liver glycogen remained.
When mice were given cyproheptadine (0.5 mg) concurrently with endotoxin, approximately 50% of the liver glycogen remained after 10 hr. By 16 hr, cyproheptadine-treated mice receiving either endotoxin alone or endotoxin plus trypto- Endotoxin with trypto-12 0.5 + 0.13 (5) phan 10 hr later had less than 10% of their liver glycogen remaining. Cyproheptadine alone did not significantly alter liver glycogen levels in normal animals. DISCUSSION The data presented above show that a severe hypoglycemia consistently accompanies sensitivity of endotoxin-poisoned mice to tryptophan. It appears that lowering of blood glucose below 30 to 40 mg per 100 ml may result in death. This observation is consistent with previously suggested values (18) .
Previous studies have indicated that a prerequisite for sensitivity to tryptophan in endotoxin-poisoned animals is depressed tryptophan oxygenase activity. Rockland (15), and, if tryptophan is injected at this point, sensitivity to tryptophan and severe hypoglycemia are observed within 6 to 8 hr. In CF-I mice, tryptophan oxygenase is not clearly depressed until 10 hr (13) . These animals show no sensitivity to tryptophan and no magnification of the hypoglycemia at the 4-hr period, but are hyperreactive to the amino acid if it is injected 10 hr after endotoxin. Allopurinol modifies the response of tryptophan oxygenase in endotoxinpoisoned CF-1 mice so that the enzyme has approximately 25% of normal activity after 4 hr (13); under these conditions, mice are sensitive to tryptophan and also show the severe hypoglycemic response.
The role of tryptophan in mediating the hypoglycemia is difficult to assess. The basic premise of this report is that tryptophan is converted, in excess, to serotonin as a direct consequence of the inhibition of tryptophan oxygenase. The data showing that cyproheptadine consistently blocks both the severe hypoglycemia as well as the convulsive death support this view. The possibility that cyproheptadine has some heretofore undefined action on body carbohydrate metabolism exclusive of its action as an antiserotonin drug cannot, of course, be excluded. It must be recognized that the quantities of cyproheptadine used in this study are well above those theoretcially necessary to exert its antiserotonin activity.
Previous studies have shown that serotonin produces an adrenaline-mediated hyperglycemic response 15 to 30 min after injection into normal mice (7, 21) . In our laboratory, neither 5 nor 10 mg of serotonin creatinine sulfate injected intraperitoneally significantly altered blood glucose levels or survival of endotoxin-poisoned mice (unpublished data). It must be noted, however, that the injection of serotonin is not an analogous experimental system to the tryptophan-mediated system. Tryptophan injection is presumably followed by a continuous production of serotonin at disseminated tissue sites over a period of time, rather than a transitory concentration of the biogenic amine in the peritoneal cavity for a relatively short period of time before metabolic detoxification and excretion. Even so, the failure of serotonin to mimic the tryptophan-mediated changes in glucose metabolism in endotoxinpoisoned mice points up the possible role of other toxic tryptophan metabolites in this system. Previous studies have shown that serotonin and tryptophan do have similar effects on the hypothermic responses of endotoxin-poisoned mice (14) .
The evidence presented in this paper tends to minimize the significance of liver glycogen levels in relation to survival of endotoxin-poisoned mice after delayed tryptophan injection. For example, mice given cyproheptadine and endotoxin have 3.5 i 0.9% liver glycogen (Table 8) after 10 hr. When such mice are given tryptophan at 10 hr, significant numbers of animals survive among the cyproheptadine-treated group compared to appropriate controls (Table 5 ). In contrast, liver glycogen levels 4 hr after endotoxin and allopurinol are 3.1 i 1.2% (Table 7) . When such mice are given tryptophan at 4 hr, they are extremely sensitive to the amino acid, death usually occurring within 6 hr. In both groups, liver glycogen is depleted by 4 to 6 hr after tryptophan.
The observation that cyproheptadine antagonizes the decrease in liver glycogen in endotoxinpoisoned mice was unexpected and is currently not understood. Conceivably, the data suggest that serotonin (or possibly histamine) may play a more significant role than hitherto expected in liver glycogen breakdown during the early phases of endotoxemia, even in the absence of exogenously administered tryptophan. It is not inconceivable that the ability of cyproheptadine to antagonize this early endotoxin action and hence aid in preservation of the animal's carbohydrate stores allows him to combat the stress of tryptophan injection more effectively, but it is still believed that the antiserotonin action of this drug is the most significant variable in its biological actions described above.
Certain alternative explanations for the action of tryptophan seem contraindicated by the data. For example, tryptophan has been implicated as an inhibitor of gluconeogenesis (8) . This effect of tryptophan is attributed to products of the tryptophan oxygenase pathway rather than to tryptophan itself. If this were the mechanism involved in the increased hypoglycemia observed in these studies, one would expect to see sensitivity in CF-I mice 4 hr after endotoxin when tryptophan oxygenase (and presumably the metabolites of the pathway it regulates) is elevated. Instead we observe sensitivity to tryptophan only when the enzyme is decreased. Similar reasoning argues against the possible insulinase inhibiting activity of tryptophan as a probable mechanism (11, 12) , since CF-1 mice would be expected to show the sensitivity to endotoxin after 4 hr as well as after 10 hr, and they do not.
Cumulatively, the data support the thesis that overproduction of serotonin is causing generalized metabolic stress over and above that of endotoxin alone, and that the animal cannot effectively adapt to this stress because of inhibited gluconeogenesis as well as decreased food intake (22) . Speculation on any more specific physiological or metabolic mechanism of tryptophan (or serotonin) action in this system would be premature.
